The use of sustainable solutions in construction is not just an option, but is increasingly becoming a need of the Society. Thus, nowadays the recycling of waste materials is a growing technology that needs to be continuously improved, namely by researching new solutions for waste valorisation and by increasing the amount of wastes reused. In the paving industry, the reuse of reclaimed asphalt (RA) is becoming common practice, but needs further research work. Thus, this study aims to increase the incorporation of RA and other waste materials in the production of recycled asphalt mixtures in order to improve their mechanical, environmental and economic performance. Recycled mixtures with 50% RA were analysed in this study, including: i) RA selection, preparation and characterization; ii) incorporation of other waste materials as binder additives or modifiers, like used motor oil (UMO) and waste high-density polyethylene (HDPE); iii) production of different mixtures (without additives; with UMO; with UMO and HDPE) and comparison of their performance in order to assess the main advantages of each solution. With this study it was concluded that up to 7.5 % of UMO and 4.0 % of HDPE can be used in a new modified binder for asphalt mixtures with 50 % of RA, which have excellent properties concerning the rutting with WTS = 0.02 mm/10 3 cycles, the fatigue resistance with ε6 = 160.4, and water sensitivity with an ITSR of 81.9 %.
Introduction
A common issue in which the Society is focused nowadays is the recycling of used materials, based on their economic and environmental value. The constant population growth and of the higher standard of living cause an increase on the production of waste. Therefore, developed countries have taken conscience that waste management is a fundamental key to solve this emergent and serious problem. Not only urban waste, as bottles, paper, organic waste, but also industrial waste and construction and demolition waste must be carefully processed in order to reduce their environmental impact and maximize their valorisation. The specific area of road paving industry is also addressing that topic, where recycling of reclaimed asphalt (RA) materials [1] and the incorporation of other wastes and by-products [2] in road pavements have been tested and applied in recent years.
In fact, a large number of studies are presently concentrated on the use of RA. Several techniques are amply developed to incorporate this type of materials and their selection depends on the country and on the materials and methods available [3] [4] [5] [6] . The technological evolution observed in the last years has resulted in an increase of the amount of RA incorporated in the production of new/recycled asphalt mixtures, being possible to include RA percentages in the order of 50% [7] [8] [9] . Other studies [10, 11] also assessed the possibility of incorporating 100% of RA in "new" totally recycled mixtures, which were able to show characteristics similar to those of a conventional asphalt mixture.
The incorporation of RA in new mixtures is a way to reuse materials, decrease the quantity of waste placed in landfills and decrease the need of new materials, preserving the natural resources. The bitumen of RA materials is normally aged, and thus it is necessary to add some sort of rejuvenating agent to improve the workability and flexibility of the recycled mixtures incorporating RA materials. The use of commercial rejuvenators is a way to solve the problem, but it increases the cost of the final mixture [12, 13] . Despite the cost of the rejuvenators, their influence on the properties of the final mixtures is usually enough to justify their use. However, in order to reduce the cost of the rejuvenator and incorporate higher amounts of waste in new asphalt mixtures, a previous study [10] tried to apply used motor oil (UMO) as a different type of bitumen rejuvenator. The results obtained in that study were very promising, since UMO effect on aged bitumen was similar to that of a commercial rejuvenator.
The amount of rejuvenator to be included in a recycled asphalt mixture is limited in order to avoid rutting problems, but the use of polymers can be a solution for this restriction. In fact, polymers have been traditionally used as additives to modify the properties of asphalt binders, in order to improve the mechanical properties of the asphalt mixtures. Virgin elastomers and plastomers have been successfully studied and used as asphalt modifiers. The most commonly used are the styrene-butadienestyrene (SBS) block copolymers [14] , although other polymer types have also been tested. Al-Hadidy and Yi-qiu [15] have also used low density polyethylene (LDPE), with very positive results. Polacco et al. [16] also obtained positive results, especially with linear low-density polyethylene (LLDPE). Other polyethylene-based polymers were tested in that study, but in all cases the obtained polymer-modified asphalt had a heterogeneous structure and showed storage instability. High-density polyethylene (HDPE) was also studied as asphalt modifier [17] , and it was possible to observe that more economic pavements with higher performance and durability can be obtained by using 5% HDPE for bitumen modification. The good results obtained in these studies led to more recent studies with waste plastics (polymers) for bitumen modification [18] .
In this context, plastic package waste [19] and plastic bottles waste [20] were both used in asphalt mixtures with encouraging results, allowing to conclude that the use of new or recycled polymers could ultimately give similar results, highlighting the more efficient use of waste plastic in environmental terms.
Taking the abovementioned into account, the main aim of the present study is to use higher amounts of different reclaimed materials in the production of new asphalt mixtures with a performance at least as good as that of conventional mixtures. The maximum percentage of RA incorporation is usually imposed by technical limitations of the asphalt plants. In this study, a percentage of 50% RA incorporation was defined, since that recycling rate can presently be used in some asphalt plants without significantly compromising their production rates. In order to increase the use of reclaimed materials in the asphalt mixtures, a recycled rejuvenator (UMO) and a recycled bitumen modifier (waste HDPE) were also used to improve the properties of the final binder, thus assuring an adequate performance of the new asphalt mixture.
Materials and methods

Materials
The present study has been carried out using a series of different materials. Taking into account the objective of maximising the recycling rate, 50% of reclaimed asphalt (RA) was added to the final mixture, reducing the use of raw materials to less than 50%. In order to improve the properties of the final mixture, other waste materials were also used, which were chosen with the objective of increasing the amount of reclaimed materials incorporated in the mixture. Thus, used motor oil (UMO) and waste high-density polyethylene (HDPE) have been used for bitumen modification.
In order to fulfil the European specification requirements (EN 13108-1 and 13108-8), the final mixture must present adequate characteristics in terms of aggregates particle size distribution, binder content, air voids content and mechanical properties. Thus, it was necessary to characterise the individual materials used prior to the production of the mixture, as described in the following subsections.
Reclaimed asphalt material
The RA used in this study was obtained from a motorway pavement in Portugal, by milling the thickness of the pavement corresponding to a single layer (surface course) in order to obtain a homogeneous material. After fifteen years in service, the pavement presented fatigue cracking, and thus the RA binder would be expected to be very hard after being exposed to such long term aging.
Waste materials used for bitumen rejuvenation/modification
Regarding the wastes used as additives to modify the bitumen, used motor oil and HDPE, these have different functions. The UMO was used to rejuvenate the aged bitumen of the RA. Actually, the addition of UMO to the aged bitumen is expect to increase its penetration grade and decrease its softening point [21] .
The use of waste plastics/polymers to modify the binder is actually a current practice in scientific studies and most of these conclude that the use of these materials improve the performance of the asphalt mixtures [19, 20] . Based on the number of studies in this area, on the quantity of plastic wastes generated and collected, and on the alternative processes for their reuse, a waste HDPE was selected as being the option with higher potential of valorisation. This material has been obtained from a company that collects and treats waste polymers in the North of Portugal. After collection, the polymers undergo a visual separation process and a mechanical treatment to reduce the size of the particles for dimensions smaller than 4 mm. The HDPE used in this study was mainly obtained from waste plastic packaging.
New materials
With respect to the virgin aggregates used to fulfil the grading curve of the mixture, they are granite igneous rocks and the filler is limestone. These types of aggregates were chosen based on their availability in the region, and on the type of layer where they are expected to be used (surface course). Table 1 shows the main properties of the natural aggregates used in the study. Taking into consideration a previous study carried out with the chosen RA [10] , it was possible to conclude that the fine particles of that RA are excessive. For this reason, a maximum value for the percentage of fines to be introduced in the new mixture was imposed.
The virgin bitumen used was a 35/50 pen grade bitumen, because it is the most commonly used bitumen in Portugal.
Methods
RA characterization
The technological challenge of using high rates of RA in new asphalt mixtures has been difficult to overcome due to the reduction in the production rates and the potential additional damage induced in the aged binder during the production stage. Thus, in order to minimize these problems, a separation process has been adopted, where the RA material was divided into two fractions that would be subjected to different heating procedures. Oliveira, Silva [22] have tested the influence of different separation processes, and concluded that the best process would be to disaggregate the RA material lumps, after which, it would be separated into two fractions at an intermediate
The coarse RA fraction was then heated up with the virgin aggregates while the fine RA fraction (fraction with dimension below 8 mm), which is richer in bitumen, is protected from severe heating by being directly introduced in the mixer, at room temperature, during the mixing operation.
In order to study the best composition of the final asphalt mixture, it was necessary to carefully characterize each fraction of RA, namely their binder properties and their particle size distribution. The percentage of bitumen of each RA fraction was obtained by the ignition method (EN 12697-39). Different samples of each fraction were tested and the results showed low variation, which confirmed a good homogeneity of the different RA material samples. These results were essential to define the quantity of new bitumen to be added during the production of the final mixture. The bitumen of the different fractions of RA material was burnt during the incineration process (EN 12697-39), and then it is possible to evaluate the particle size distribution of their constituting aggregates, according to the EN 12697-2 standard. This information was then used during the mix design in order to determine the size and quantities of new aggregates to be used to fit within the grading envelope of a conventional surface course mixture.
In order to characterize the aged binder present in the RA, it was separated from the RA sample by dissolving it in toluene and, after removing all solid particles from the bitumen solution (using filter and tube centrifuges), the bitumen was recovered by vacuum distillation using a rotary evaporator, in accordance to the EN 12697-3
standard. For characterization of the bitumen, penetration (EN 1426), softening point (EN 1427) and dynamic viscosity (EN 13302) tests were used. The dynamic viscosity tests were performed at a range of temperatures (110-180 ºC), in order to study the viscosity at the mixing/compaction temperatures, using a rotating spindle apparatus, according to a predefined procedure [23] .
Recycled HMA mix design
In order to assess the influence of each binder modifier (rejuvenator and polymer stabiliser), three asphalt mixtures were produced and characterised (Mixture Awithout additives; Mixture B -with UMO; Mixture C -with UMO and HDPE). However, the mix design procedure was only carried out for the mixture without additives so that the effect of the additives could be analysed separately from that of having a different binder content in the final mixture. The best composition for the recycled HMA mixtures was thus obtained by means of using the empirical Marshall mix design method, as defined in the Portuguese specifications and in the EN 13108-1 standard.
Given that the empirical specifications are based on compositional recipes, the grading limits have to be strict and must be totally fulfilled, in order to enable the use of the mixtures in road pavements without premature distresses. Thus, the design grading curve of an AC 14 surf/bin was set for the recycled HMAs in order to fulfil the specification limits [24] . This type of mixture was selected because it can be used both in surface and binder courses, and because it would be easier to adjust this type of gradation to recycled mixtures with high RA contents.
In order to design the recycled AC 14 surf/bin mixtures and to evaluate their mechanical properties defined on the empirical specifications, five batches of mixture were prepared by using different percentages of bitumen between 4.0% and 6.0%, in intervals of 0.5%. For this mixture, the new aggregates, the coarse RA and the filler were batched and put in an oven at 200 ºC, while the fine RA was not heated and the new bitumen was heated at 150 ºC, except in the final mixture with HDPE where the process of bitumen modification imposes a temperature of 180 ºC . In order to achieve an adequate workability, the coarse RA and the new aggregates were both introduced in the mixer and blended for 1 minute. Then, the fine RA fraction was added and mixed for an additional minute, after which the new binder was added and the whole material was mixed during 2 minutes. After the mixing process, three specimens were compacted with 75 blows per face (EN 12697-30) for each percentage of bitumen and their bulk density was evaluated. The theoretical maximum density (TMD) of all the mixing batches was also assessed. The main volumetric characteristics (voids content and VMA) were calculated based on the previous results and on the binder content of the mixtures. Finally, all the specimens were tested by using the Marshall Test procedures (EN 12697-34), recording the load (stability) and deformation values.
According to the EN 13108-1 standard, the optimum binder content of the Marshall mix design method is the average value of the binder contents resulting from the maximum Marshall stability (EN 12697-34), the air voids content equal to 4% (for this AC 14 surf/bin mixture) and the maximum bulk density.
Bitumen modification/rejuvenation
Both additives used to modify the bitumen are considered waste. The objective is to assess if these waste materials can add extra value to the recycled asphalt mixture, with higher potential value than in other solutions. The first additive is used motor oil (UMO) and it should act as a rejuvenator, increasing the penetration and decreasing the softening point [21] . Presently, large quantities of UMO are still being used only for energy production (i.e., it is just burned). The second additive is high-density polyethylene (HDPE) and it should act as a stabilizer. This second additive will be especially used to stabilize the binder already modified with UMO, especially when using high amounts of oil that can originate permanent deformation problems.
The process of bitumen modification was different depending on the type of additive used. In the case of UMO, it is simply mixed with the bitumen at a temperature of 150 ºC with a digestion time of 5 minutes. The HDPE additive is solid, needing more time and heat to be molten into the bitumen. Thus, the digestion of the HDPE was made at a temperature of 180 ºC during 60 minutes. According to the RA properties and the mix design of the final mixture, the binder of the recycled mixture should be composed by 52% (2.6% out of 5.0%) of RA binder and 48% (2.4% out of 5.0%) of new 35/50 bitumen, referred in this article as base binder. Then, two percentages of UMO, 3% and 6%, were added to that base binder for rejuvenation. Finally, two percentages of HDPE, 3% and 6%, were added to the binder already modified with 6% of UMO in order to improve its stability. The choice for those percentages of additive/modifier has been taken based on information presented in the literature [16, 25] . In terms of production process, a low shear mixer and digestion times of 5 minutes (to blend the oil with the base bitumen) and 60 minutes (to digest the HDPE into the bitumen) were used. The properties of all these binders were finally compared with those of a conventional 35/50 pen binder.
HMA characterization and performance
The evaluation of the water sensitivity is determined in Europe by the EN 12697-12.
According to this standard, two groups of three cylindrical specimens compacted with 
Results and discussion
RA characterization
Knowing the RA characteristics is crucial to design recycled asphalt mixtures correctly.
Therefore, it is very important to spend some time analysing the RA. In this study, and based on the procedure suggested by Oliveira, Silva [22] , the RA was submitted to a mechanical disaggregation, in order to reduce the amount of lumped particles present in the RA material. Figure 1 shows the particle size distribution of the RA material before and after the disaggregation process.
Figure 1 Gradation of the RA before and after disaggregation
In respect of the particles maximum size, it is possible to conclude that a considerable decrease was observed, which shows the efficiency and importance of this disaggregation process. Analysing the grading curve of the material after disaggregation, it can be seen that the percentage of fine RA passed in the sieve size of 8 mm greatly increases from 50% to 77%.
After the disaggregation process the RA material was separated into two different fractions (coarse RA and fine RA) and their characteristics had to be analysed separately. Firstly, the percentage of bitumen present in both fractions was determined ( Figure 2a ) and then the particle size distribution of their aggregates was assessed after burning the binder ( Figure 2b ). As expected, the binder content of the fine RA fraction is higher than that of the coarse RA fraction. Regarding the particle size distribution it is possible to see that the coarse RA fraction has nearly 40% of fine particles which are difficult to disaggregate and remained lumped in bigger particles All the results presented in Figure 3 show a very hard binder with penetration values around 10  0.1 mm, although it is possible to observe that the coarse fraction sample is slightly harder (more aged) than the fine fraction sample. This can be explained by the higher exposure of the coarser aggregates to oxygen, while the fine aggregate particles and involved by a thicker and more impervious (to the air) layer of binder. 
Recycled HMA mix design
As previously mentioned, the mix design of the asphalt mixtures was carried out according to the Marshall Test methodology. The aggregates' particle size distribution follows the specifications limits as can be seen in Table 2 . This was obtained by imposing a relative amount of 30% fine RA fraction and 20% coarse RA fraction. The remaining composition of the aggregate fractions was as follows: 38% of 6/14 mm aggregate, 5% of 4/6 mm aggregate, 4% of 0/4 mm aggregate and 3% of filler. As previously mentioned, the binder content of the mixtures produced with additives was kept constant so that the variation on the performance of the mixtures mainly depends on the effect of the additives (dependent variable). Nevertheless, the dosage of each additive/modifier had to be studied. This evaluation was carried out by adding different percentages of both additive/modifier (UMO and HDPE) to a sample of base binder (BB) composed by 52% of RA recovered binder and 48% of new 35/50 pen grade bitumen. The properties of these binders were analysed in order to obtain a binder that could be classified as a reference 35/50 pen binder typically used in Portugal. First, 3.0 and 6.0% of used motor oil were used to soften the BB. Then, as the sample of binder with 6.0% UMO was softer than expected, 3.0 and 6.0% of HDPE were added to stabilize the binder without reducing the amount of the other additive used. The results of the basic characterization of the several binders are presented in Figure 4 , as well as the specification limits presented in EN 12591. Analysing the results presented in Figure 5 , it is possible to observe that without using HDPE the optimum percentage of UMO is around 5.0%. This combination without HDPE was selected for HMA characterization (Mixture B). Moreover, for a binder with 6% of UMO, it was observed that the optimum amount of HDPE that would turn the binder into a 35/50 pen bitumen is very low (1.5%). Thus, in order to obtain a binder with a higher amount of reclaimed materials (UMO and HDPE), another mixture with 7.5% of UMO and 4.0% of HDPE was selected (Mixture C) to be produced and characterized in the following stages of this work.
HMA characterization and performance
As mentioned above, three different mixtures were produced in the lab to determine the effect of the additives in the performance of the mixtures. Mixture A was produced without additives, while Mixture B was produced with a binder modified with 5.0% UMO and Mixture C with a binder modified with 7.5% UMO and 4.0% HDPE.
Water sensitivity
Water sensitivity is a very important characteristic for asphalt mixtures, since it provides valuable information about how the mixture will behave in contact with water and is also a good indicator of the long term performance (durability) of the mixtures. If the mixture is not properly designed, its contact with water may potentially cause disaggregation of the mixture. Table 4 represents the water sensitivity and the indirect tensile strength results of the three mixtures and their relationship with the air voids content. It can be observed that the air voids content are different, but all of them fulfil the specification limits of 3 to 5% for this type of mixture. Mixtures A and C are those that show higher air voids contents that result from the harder binder present in mixture A (the base binder presented in Figure 4 before modification) and from the use of HDPE for bitumen modification in mixture C.
Observing the ITSR values of the mixtures it is possible to conclude that the mixtures with additives have a higher water sensitivity performance than that of the mixture without additives. In conventional asphalt mixtures, it is generally accepted that lower voids contents will result in higher ITSR values and, therefore, in an increased durability of the mixtures. This may justify the good ITSR result observed in mixture B.
However, in the case of Mixture C, it is not exclusively related to the reduced air voids content, but also with an increased performance provided by the use of the HDPE.
Analysing the indirect tensile strength values of the dry specimens (ITSd), it can be observed that mixture A is significantly stiffer than Mixtures B and C, withstanding a tensile stress of about two times the stress of the other mixtures at failure. This can be associated to a higher brittleness of the mixture, which should indicate that the mixture may have a higher stiffness modulus and a lower fatigue cracking resistance. The softening effect of the used motor oil on the aged binder is also obvious from these results, as it is the main responsible for the reduction of the ITSd values of Mixtures B and C (in comparison with Mixture A).
Resistance to permanent deformation
The resistance to permanent deformation, also known as rut resistance, is one of the most important characteristics for asphalt mixtures in countries with high in service temperatures. In this study the evaluation of this characteristic was made by performing the standard WTT evaluation. Table 5 shows a summary of the WTT results obtained.
Analysing the results, it is possible to conclude that Mixture C has a significantly higher rut resistance than the others mixtures. In fact, the evolution of the deformation during the test (WTS) and the final rut depth of Mixture C are both very low, confirming the very good performance of this mixture at high temperatures. additives. Mixture C presented the best fatigue resistance performance.
The parameters specified in EN 12697-24 (N 100 and ε 6 ) and presented in Table 6 , which should be used to evaluate the fatigue performance of the studied mixtures, were estimated from the fatigue life equations presented in Figure 7 . Table 6 , the use of UMO and/or HDPE increased 3 (mixture B) to 5 (mixture C) times the fatigue life of the recycled mixtures in comparison with mixture A.
Stiffness Modulus
The stiffness test results were analyzed and represented by the use of Master Curves for a reference temperature of 20 °C. Based on the frequency-temperature superposition principle, namely by using the Arrhenius equation for a typical linear viscoelastic behavior of an asphalt material, it was possible to adjust and draw the master curves for stiffness modulus (E*), phase angle, storage modulus (E1) and loss modulus (E2) characteristics. These results are presented in Figure 8 . 
Conclusions
The results obtained in this study show that it is possible to increase the amount of have also been achieved along of the study and they are presented below:
1. An adequate mix design of recycled asphalt mixtures can be obtained provided that the RA characterization is detailed and correctly carried out in order to obtain the best composition of the mixtures that result in an improved performance.
2. The bitumen present in the RA was of a low penetration grade, around 10  0.1 mm, which conditioned the selection of the optimum amount of additives that would turn this bitumen into a 35/50 pen binder. Thus, the combination of both additive/modifier (UMO and HDPE) that were obtained from waste materials proved to be a very good solution to increase the amount of recycled materials used in the production of asphalt mixtures while improving their performance. The UMO acted as a rejuvenator of the aged binder present in the RA material and the HDPE was used to stabilize the mixture, modifying the final binder and improving its performance.
